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a b s t r a c t
Shock-induced vibrations to the feet have been related to the feel of comfort, the biomechanical control of
performance, and the risk of fatigue or injury. Up to recently, the complexity of measuring the human
biodynamic response to vibration exposure implied to focus most of the research on the axial accelera-
tion at the tibia. Using wireless three-dimensional accelerometers, this paper investigates the propaga-
tion of shock-induced vibrations through the whole lower-limb during running in the temporal and
the spectral domains. Results indicated that the vibrations were not consistent across the lower-limb,
showing various spatial and spectral distributions of energy. The amount of energy was not constantly
decreasing from the distal to the proximal extremity of the runner’s lower-limb, especially regarding
the lateral epicondyle of the femur. Vibrations in the transversal plane of the segments were substantial
compared to the longitudinal axis regarding the distal extremity of the tibia, and the lateral epicondyle of
the femur. Further, the spectral content was wider at the distal than at the proximal end of the lower-
limb. Finally, to get a thorough understanding of the risks incurred by the runners, the need to account
for shock-induced vibrations up to 50 Hz has been stressed when investigating three-dimensional vibra-
tions. The overall study raises attention on the substantial importance of the transverse components of
the acceleration, and their potential relation to shear fatigue and injury during running.
1. Introduction
Running is an integral component of many sports, where the
impact of the feet on the ground generates vibrations propagating
through the entire body. Shock-induced vibrations have been rec-
ognized as being influential to the feeling of comfort in the feet
(Barrass et al., 2006; Stroede et al., 1999), the biomechanical con-
trol of the performance (Chadefaux et al., 2017), and to the risk
of fatigue and injury (Lafortune et al., 1996). Repetitive impacts
during running have been investigated relative to the risk of inju-
ries such as tibial stress fracture, spinal injuries, or joint and carti-
lage damages (Lafortune et al., 1996; Milner et al., 2006; Zadpoor
and Nikooyan, 2011).
Accelerometers have been used to investigate how vibration is
transmitted to the tibia during various running conditions. Using
a bone-mounted accelerometer, Lafortune et al. (1991) found that
the amount of acceleration reaching the tibia is greater when the
running speed increases or when running barefoot. Although the
use of bone-mounted accelerometers ensure a better signal quality
and a more accurate placement of the sensor than accelerometers
fixed to the skin, it requires invasive surgery and prevents investi-
gation of a large number of participants. Therefore, most studies
used accelerometers fixed to the skin to facilitate the experimental
procedure. Although resulting data differed because of the addi-
tional skin and soft tissue artefacts, the observed phenomenon
remained coherent (see for instance Lafortune et al. (1991) and
Verbitsky et al. (1998)). However, up to recently, most of the inves-
tigations of repetitive impacts during running have been limited
because of the accelerometer’s sensor technology. Indeed, studying
the shocks during running requires the use of embedded 3D-
accelerometers of high sampling frequency (at least in the range
300–600 Hz, Sheerin et al., 2019), low weight (Valiant, 1990) and
dynamics (at least 20 g, Sheerin et al., 2019). Recent progress in
this field allowed the use of accelerometers fixed to the skin, to
address the axial acceleration of the tibia with respect to various
running conditions (Sheerin et al., 2019).
To get a more complete characterization of the shock-induced
vibration at the tibia, the three-dimensional components of the
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tibial accelerations has been analyzed. Using bone-mounted
accelerometers, Lafortune et al. (1991) indicated the importance
of the transversal components (i.e. orthogonal to the axial acceler-
ation) with respect to the longitudinal axis. Peaks acceleration at
approximately 5.0 g were indeed observed along the anteroposte-
rior and mediolateral axes when running at 3.5 m/s while the lon-
gitudinal acceleration was estimated at about 3.0 g. However, due
to the complexity and lack of ecological context in running inves-
tigation based on bone-mounted accelerometers, the study of the
three-dimensional components of the tibial acceleration received
little attention until recently. Using a three-dimensional
accelerometer, Glauberman and Cavanagh (2014) indicated that
non rearfoot strikers present a higher antero-posterior acceleration
component that rearfoot strikers. However, using accelerometers
fixed on the skin prevented accurate alignment of the sensors axes
to the axes of the segments, implying a lack of knowledge about
the transversal components (i.e. the ones occurring in the plane
orthogonal to the longitudinal component). Consequently,
Sheerin et al. (2018) chose to approach studying the vibration mag-
nitude, instead of the three independent axes., Likewise, Giandolini
et al. (2016) addressed the transverse shock acceleration relative to
the axial component. According to Lafortune et al. (1991),
Giandolini et al. (2016) indicated that the vibration magnitude
along the transverse plane (approximately 9 g) was similar to the
vibration magnitude of the axial acceleration (approximately
10 g) while running downhill. These studies illuminate the impor-
tance of the transversal components of the acceleration signal.
Although the tibial acceleration has been widely investigated
while running, other parts of the human body have mostly been
investigated in light of the propagation of the shock-induced vibra-
tions. In this perspective, papers analyzed the acceleration at the
knee (Voloshin and Wosk, 1982), sacrum (e.g. Giandolini et al.,
2016), or at the head (e.g. Clansey et al., 2012; Gruber et al.,
2014; Valiant, 1990). Studies showed that the acceleration is atten-
uated from the tibia to the upper-parts of the body and hypothe-
sized on the attenuation processes developed by the
musculoskeletal system. This result is also corroborated from a
spectral point of view, as several studies stated that the human
body acts as a low-pass filter for the input vibration regarding
the lower-limb (Edwards et al., 2012, Shorten and Willow, 1992)
as well as the upper-limb (Chadefaux et al., 2017).
Research has yet to assess how the shock-induced vibrations
propagate throughout the runner’s lower-limb along its longitudi-
nal axis and the transverse plane, both in the temporal an spectral
domains. Therefore, this paper presents a thorough three-
dimensional description of the propagation of the shock-induced
vibrations throughout the lower-limb during running. We hypoth-
esize that the lower-limbs’ segments act as a low-pass filter
regarding both, the longitudinal axis and the transverse plane,
and therefore that the amount of vibration is generally, yet irregu-
larly, decreasing from the distal to the proximal extremity of the
lower-limb with a complex 3D repartition of the energy.
2. Methods
The experiment was approved by the local university ethics
committee in accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki), and all the subjects
signed a consent form.
2.1. Subjects
Ten male participants without noteworthy pathology were
involved in the experiments. All participants were regular runners,
habituated to running shod, with a rearfoot footfall pattern, and
practiced in average 2.5 h per week. Participants were 21 ± 3 years
old, 1.80 ± 0.05 m tall, weighted 75 ± 5 kg, their shoes size was 9,
10, or 11.
2.2. Control of the running pattern
Biomechanical data were collected (see Appendix A) to ensure
that the running patterns adopted by the participants matched the
patterns usually reported in the literature (Novacheck, 1998;
Cappelini et al., 2010). Ground reaction forces were collected to
detect gait events delimiting the stance phase and to further extract
this specific period from the entire database for analysis.
2.3. Measurement protocol
Participants ran in shoes with a 10 mm drop and standard cush-
ioning. In order to avoid fatigue, the experiment was carried out at
90% of the participants’ first ventilator threshold (VT1), conveying
to Vaverage = 3.1 ± 0.3 m/s. Note that VT1 was determined during a
dedicated session, a few days before the main measurement ses-
sion in an outdoor stadium based on the Ventilatory Equivalent
Method (Gaskill et al., 2001).
The day of the experiment, a seven-minute habituation period
to the running shoes and speed was performed on a treadmill with
a 1% slope (H/P/Cosmos Saturn 250/100 R, Munich, Germany). Par-
ticipants were then asked to run along a straight line of 25 m and
hit the force platform with their right foot (Fig. 1(b)). The force
platform was fixed 15 m from the beginning of the running path.
To help the participants run at the desired velocity, marks were
placed every 5 m on the ground, and audio signals were produced
when the participants should be on the mark. To ensure a natural
running pattern and that the participants did not target the force
platform, participants were asked to look far ahead while running.
An unlimited warm-up period was provided to get familiarized to
the experimental context. Participants conducted as many trials as
required in order to collect seven successful trials, according to the
task realization criterion (running speed and visually unperturbed
running pattern).
2.4. Shock-induced vibrations
Four tri-axial accelerometers (Noraxon; Arizona, USA; ±24 g pk,
[5–1800] Hz, resolution: 0.01 g, mass = 5.7 g, dimensions:
Fig. 1. Participant equipped with four tri-axial accelerometers, and 66 retro-
reflective markers before the measurement session (a), and during one trial (b).
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1.90 cm  1.42 cm  0.63 cm) were placed on the participant’s
right lower-limb: on the third metatarsal bone (inside the shoe),
on the distal extremity of the medial surface of the tibia, on the lat-
eral epicondyle of the femur, and on the greater trochanter of the
femur (Fig. 1(a)). Each accelerometer was positioned in such a
way as to overlay its x axis with the segment’s longitudinal axis.
Considering the complexity to align the y and z axes of the
accelerometer with the mediolateral and anteroposterior anatom-
ical axes of the investigated segments, the y and z axes were used
to describe the transverse components of the acceleration signals.
Accelerometers were fixed to the skin using double-sided adhesive
tape and secured with adhesive band wrapping the sensors and the
body part. The accelerometers were connected to a transmitter by
a 9 cm long cable, authorizing the transmitter to be fixed to a non-
disturbing position on the lower-limb (Fig. 1(a)). The sampling fre-
quency was 1000 Hz and synchronized with the biomechanical
data, and finally segmented over the stance phase. Note that the
mass and the size of the accelerometers induced negligible swing-
ing artifacts.
2.5. Descriptors computation
Mean and linear trends were removed from all the collected
acceleration signals prior to the descriptors computation. The per-
cent of the stance phase where the maximum of the vibration mag-
nitude was reached (T3D), the amplitude (A3D), and the root-mean-
squared (RMS) acceleration level (L3D) of the vibration magnitude
were estimated at the third metatarsal bone, the distal extremity
of the tibia, the lateral epicondyle of the femur, and the greater tro-
chanter of the femur. The RMS acceleration level of a given vibra-










for a given discrete signal sn of duration T and where Fs is the sam-
pling rate. L3D reflects the amount of energy contained in the vibra-
tion magnitude at the tibia.
Furthermore, to gain insight into the spatial distribution of the
vibration energy conveyed by the shock-induced vibrations at each
anatomical point, the ratios Rx = Lx/L3D; Ry = Ly/L3D; and Rz = Lz/L3D
were defined between the RMS acceleration level measured along
each axis (Lx, Ly, and Lz) derived from Eq. (1), and the total RMS
level L3D.
The ability of the lower-limbs’ segments to act as a low-pass fil-
ter according to the longitudinal axis, but also the transverse axes
was addressed through the spectral content of the shock-induced
vibrations. The spectral content of the shock-induced vibrations
were analyzed through their power spectra (Tarabini, 2014). The
cut-off frequencies Fc of vibration signals propagating through
the lower-limb along each axis of the accelerometers were deter-
mined from the frequencies for which the spectrum amplitude
remains below 3 dB of the maximal passband value. The spectra’s
shape was described by its spectral centroid
l ¼
P1
n¼1f n Pn fð Þj jP1
n¼1 Pn fð Þj j
ð3Þ
where Pn is the power spectrum of the signal sn and f n and f are the
discrete and the continuous frequency vectors (Peeters, 2004). The
3–8 Hz and the 9–20 Hz bandwidths reflect the active (from 30%
to 100% of the stance phase, underlining the stabilization of the run-
ner) and impact (from 0% to 30% of the stance phase, underlining the
shock transmission) phases, respectively (Shorten and Willow,
1992). Consequently, the spectral centroid (l) has been analyzed
on the 3–8 Hz and 9–20 Hz bandwidths (Gruber et al., 2014) to
highlight the how the human body manage the shock-induced
vibrations with respect to the running phases. As the lower-limb
response to vibration is in higher frequencies (Kiiski et al., 2008),
the data was also analyzed within the 21–50 Hz bandwidth. These
three spectral bandwidths are referred to as low, medium, and high
frequency ranges.
2.6. Statistics
In order to describe the three-dimensional propagation of the
shock-induced vibrations throughout the runners’ lower-limb,
each previously defined descriptor (T3D, A3D, L3D, Rx, Ry, Rz, Fc, l)
was investigated regarding both, the observation point and the
axis. Repeated analyses of variance analyses were carried out to
highlight the effect of the observation point and the axis on the
vibrational features. When a significant effect was observed
(p < 0.01), a multiple comparison of estimated marginal means
was carried out to determine the conditions leading to significant
differences. Note that only the main effects of the two factors
(observation point and direction) were investigated as no physical
and physiological meanings in the analysis of the interaction of
these two factors have been previously reported.
3. Results
3.1. Vibration analysis in the temporal domain
Fig. 2 and Table 1 summarize the further investigation of how
the vibration energy is spatially distributed along the runner’s
lower-limb. The maximum of the vibrationmagnitude was reached
successively at the third metatarsal bone (T3D = 11.7 ± 4.5% of the
stance phase), the distal extremity of the tibia (T3D = 14.6 ± 2.9%
of the stance phase), the lateral epicondyle (T3D = 17.0 ± 7.0% of
the stance phase) and the greater trochanter of the femur
(T3D = 18.4 ± 3.5% of the stance phase). The vibration amplitude
was also decreasing from the third metatarsal bone
(A3D = 14.5 ± 5.8 g) to the greater trochanter of the femur
(A3D = 6.0 ± 2.2 g), but almost no evolution from the distal extrem-
ity of the tibia (A3D = 11.5 ± 5.1 g) to the lateral epicondyle of the
femur (A3D = 11.0 ± 4.3 g) was reported (Table 1).
The vibration energy at the third metatarsal bone and the
greater trochanter of the femur was concentrated along the x-
axis (Rx = 47.6 ± 12.2% and Rx = 65.1 ± 9.7, respectively). However,
the vibration energy was not as straightforwardly divided between
the x-axis (longitudinal to the segment) and the y-z plane
(transversal to the segment) regarding the distal extremity of the
tibia and the lateral epicondyle of the femur. This spatial distribu-
tion of the energy conveyed therefore to a RMS level along the x-
axis Lx = 1.9 ± 0.4 g at the third metatarsal bone, Lx = 1.2 ± 0.4 g at
the distal extremity of the tibia, Lx = 1.6 ± 0.5 g at the lateral epi-
condyle of the femur, and Lx = 1.2 ± 0.3 g at the greater trochanter
of the femur. In the y-z plane, the RMS level was estimated at Ly,
z = 2.1 ± 1.1 g at the third metatarsal bone, Ly,z = 2.2 ± 1.3 g at the
distal extremity of the tibia, Ly,z = 2.3 ± 0.6 g at the lateral epi-
condyle of the femur, and Ly,z = 0.6 ± 0.2 g at the greater trochanter
of the femur, respectively.
To summarize, the analysis of the vibrations in the temporal
domain conveyed that the shock-induced vibrations has a complex
three-dimensional repartition along the runner’s lower-limb.
3.2. Vibration analysis in the spectral domain
Focusing on the spectral content of the spectral energy along
the runner’s lower-limb (Fig. 3 and Table 2), the third metatarsal
bone and the distal extremity of the tibia presented a wider spec-
tral content than the lateral epicondyle and the greater trochanter
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of the femur along the three axes. The spectral content generated
at the third metatarsal bone, the distal extremity of the tibia, and
the greater trochanter of the femur contained lower frequencies
along the x axis (16.7 ± 11.2 Hz, 27.0 ± 12.1 Hz, and 16.3 ± 7.1
Hz), than along the y axis (41.5 ± 10.6 Hz, 29.9 ± 17.5 Hz, and
29.6 ± 9.5 Hz) and the z axis (27.9 ± 12.1 Hz, 30.6 ± 11.7 Hz, and
19.1 ± 5.4 Hz). On the contrary, the spectral content generated at
the lateral epicondyle of the femur contained higher component
along the x axis (22.0 ± 3.8 Hz) than the y-axis (10.8 ± 8.5 Hz)
and the z-axis (14.8 ± 5.8 Hz).
Considering both the low (LF = [3–8] Hz) and medium (MF =
[9–20] Hz) frequency bandwidths defined by (Gruber et al.,
2014), as well as the higher frequency content reported in the pre-
sent study, it seems necessary to introduce an additional high
(HF = [21–50] Hz) frequency bandwidth in order to adequately
describe the spectral centroid, estimated at 5.6 ± 0.6 Hz, 14.0 ± 1.2
Hz, and 30.9 ± 3.6 Hz. No significant effect of neither the spatial
direction nor the location on the runner’s lower-limb on the low,
medium and high spectral centroids (Table 2) was reported.
4. Discussion
The maximum amplitude of the shock-induced vibration is
successively reached from the more distal to the more proximal
locations on the lower-limb, and the amount of vibration energy
is decreasing from the distal to the proximal extremity of the
runner’s lower-limb. These results are in accordance with studies
Fig. 2. Vibration signals measured during the stance phase at the third metatarsal bone, the distal extremity of the tibia, the lateral epicondyle and the greater trochanter of
the femur along the x, y, and z axes, as well as their vibration magnitude. The black line and the grey area represent the average and the standard deviation estimated over ten
participants performing seven repetitions of the task, respectively. Positive values refer to the proximal, the lateral, and the anterior directions. Spatial distribution of the
energy estimated along each axis computed over the braking phase are presented associated to each vibration magnitude graph. In the pie charts black, dark grey, and light
grey refer to the x, y, and z axes. The averages were computed over ten participants performing seven repetitions of the task.
Table 1
Averaged temporal descriptors computed for each location site on the lower-limb. The averages and standard deviations were computed over ten participants performing seven
repetitions of the task. Significant effects (P < 0.01) of the location site on the lower-limb on the percent of the stance phase where the maximum of the vibration magnitude was
reached (T3D) the amplitude (A3D) and acceleration level (L3D) were pointed out (F(3, 279) = 84.3, F(3,279) = 358.3, and F(3,279) = 1123.1). Finally, a significant effect of the
direction on the spatial distribution of the vibration energy (Rx, Ry, Rz) were pointed out (F(2,209) = 182.5, p < 0.01 for the third metatarsal bone; F(2,209) = 233.3, p < 0.01 for the
distal extremity of the tibia, F(2,209) = 1641.6, p < 0.01 for the lateral epicondyle, and F(2,209) = 1080.7, p < 0.01 for the greater trochanter of the femur).
T3D (%) A3D (g) L3D (g) Rx (–) Ry (–) Rz (–)
Third metatarsal bone 11.7 (4.5) 14.5 (5.8) 4.0 (1.2) 47.6 (12.2) 25.1 (11.8) 27.3 (9.0)
Distal extremity of the tibia 14.6 (2.9) 11.5 (5.1) 3.4 (1.3) 41.8 (15.5) 39.2 (18.6) 18.8 (11.2)
Lat. epicondyle of the femur 17.0 (7.0) 11.0 (4.3) 3.9 (0.9) 41.1 (8.9) 10.5 (3.8) 48.1 (10.7)
Greater trochanter of the femur 18.4 (3.5) 6.0 (2.2) 1.8 (0.3) 65.1 (9.7) 10.0 (7.7) 24.9 (8.8)
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that have demonstrated the musculoskeletal system’s ability to
protect its core parts by successively attenuating the shock-
induced vibrations (Pratt, 1989). Several processes have been sug-
gested to be involved in cushioning these vibrations: a passive
physiological attenuation driven by the mechanical behavior of
the anatomical elements (Malekipour et al., 2013); and an active
attenuation governed by changes in the orientation of the body
segments (Lafortune et al., 1996) or in the activations of the mus-
cular system (Boyer and Nigg, 2007; Wakeling et al., 2003;
Khassetarash et al., 2015). Moreover, various shock attenuation
mechanisms depending on the frequency bandwidth have been
outlined according to the footfall patterns (Gruber et al., 2014).
A detailed examination indicates that the amount of energy
reaching the lateral epicondyle of the femur is slightly higher than
Fig. 3. Spectra of the vibration signals measured at the third metatarsal bone, the distal extremity of the tibia, the lateral epicondyle and the greater trochanter of the femur
along the x, y, and z axes. The black line and the grey area represent the average and the standard deviation estimated over ten participants performing seven repetitions of
the task. Significant differences in the cut-off frequencies of the vibration signals with the direction (F(2,209) = 130.6, p < 0.01 for the third metatarsal bone; F(2,209) = 3.1,
p = 0.05 for the distal extremity of the tibia, F(2,209) = 240.1, p < 0.01 for the lateral epicondyle, and F(2,209) = 96.1, p < 0.01 for the greater trochanter of the femur), and the
location site on the lower-limb (F(3,279) = 52.4, p < 0.01 for the x-axis; F(3,279) = 158.4, p < 0.01 for the y-axis; and F(3,279) = 69.1, p < 0.01 for the z-axis) are highlighted
with a dotted line. The reference level is of 10–6 m/s2 (Hagberg et al., 2008).
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at the distal extremity of the tibia. This result suggests that the
amount of energy is not constantly decreasing from the distal to
the proximal extremity of the runner’s lower-limb. This hypothesis
is supported by Boyer and Nigg (2007) who showed more evidence
of the muscle tuning concept, i.e. of an attenuation process, for the
quadriceps than the triceps. Besides, the vibration transmissibility
throughout the body has been shown mostly dependent on the
knee bending (Tarabini et al., 2013), suggesting that the knee is a
key joint in the shock propagation.
In accordance with Giandolini et al. (2016) our results con-
firmed that more energy was concentrated in the transverse plane
than along the longitudinal axis of the third metatarsal bone, the
distal extremity of the tibia, and the lateral epicondyle of the
femur. On the contrary, the energy was significantly concentrated
along the longitudinal axis at the greater trochanter of the femur.
Consequently, while the total amount of energy as well as its com-
ponent along the longitudinal axis were globally decreasing from
the third metatarsal bone to the lateral epicondyle of the femur,
the amount of energy in the transverse plane remained almost con-
stant up to the lateral epicondyle of the femur and dropped at the
greater trochanter of the femur.
The importance of the transverse components during running
has also been underlined in Dumas and Jacquelin, 2017. Consider-
ing wobbling masses, they showed that the resulting forces at the
bone/skin connection were higher along the anteroposterior axis
than along the two others at the shank and the thigh, and generally
higher at the shank than the thigh. Additionally, the anatomical
structures such as the bones are known to be weaker under shear
than compression stress (Turner et al., 2001; Bonifasi-Lista et al.,
2005). The non-negligible shear stress observed at the distal and
proximal extremities of the shank may therefore be related to a
risk of fatigue and fatigue failure.
The complex repartition of vibrations observed along the run-
ner’s lower-limb may be understood based on the transmissibility
of vibrations through the human body. Especially, for a standing
subject, it has been shown that an amplification of the vibration
occurs between 10 Hz and 25 Hz or 40 Hz for the ankle and the
knee (Kiiski et al., 2008), and that the amplified frequency reduces
with the knee bending (Yang et al., 2012).
From a spectral point of view, our results indicate that the spec-
tral content is wider at the distal than at the proximal end of the
lower-limb. Interestingly, we also highlighted that the spectral
content is wider in the transverse plane than along the longitudinal
axis at the third metatarsal bone and the greater trochanter of the
femur.
At each investigated location on the lower-limb, at least one
direction showed a spectral content higher than 20 Hz.
Consequently, the usual bandwidths, 3–8 Hz and 9–20 Hz
(Gruber et al., 2014) used to study shock-induced vibrations during
running should be extended by a third bandwidth up to 50 Hz.
Indeed, higher spectral vibrations could imply a higher risk of fati-
gue and injury for the anatomical element, depending on the fre-
quency their viscoelastic properties (Wu et al., 2012).
A limitation of this study lies in the intrinsic experimental
inability to ensure a perfect positioning of surface accelerometers
on the runner skin. Although accelerometers were placed on
bony-landmarks, soft tissue and skin movement artefacts cannot
be entirely avoided.
5. Conclusion
This study has addressed the complex three-dimensional prop-
agation of shock-induced vibrations during running in the tempo-
ral and the spectral domains. Interestingly, we observed that the
amount of energy is not constantly decreasing from the distal to
the proximal extremity of the runner’s lower-limb. Our results
shed light on the importance of taking account for the three com-
ponents of the shock-induced vibration with respect to a risk of
shear fatigue and injury. The need to account for shock-induced
vibrations up to 50 Hz has also been stressed.
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Appendix A. Biomechanical analysis
A force platform (Kistler 9287CA; Winterthour, Swiss) was used
to measure the ground reaction forces of the participant’s right foot
impact at 2000 Hz. The resulting vertical component was used to
determine the stance phase over the force platform. This period
was defined as the instants when the vertical component of the
Table 2
Averaged spectral descriptors computed for each location site on the lower-limb in low, medium, and high frequencies. The averages and standard deviations were computed over
ten participants performing seven repetitions of the task.
Third metatarsal bone Distal extremity of the tibia Lat. epicondyle of the femur Greater trochanter of the femur
Fc (Hz) x 16.7 (11.2) 27.0 (6.4) 22.0 (3.8) 16.3 (7.1)
y 41.5 (10.6) 29.9 (17.5) 10.8 (8.5) 29.6 (9.5)
z 27.9 (12.1) 30.6 (11.7) 14.8 (5.8) 19.1 (5.4)
llf (Hz) x 5.3 (0.4) 5.9 (0.6) 5.8 (0.6) 5.5 (0.5)
y 5.6 (0.6) 5.3 (0.5) 5.2 (0.4) 5.8 (0.6)
z 5.6 (0.5) 5.6 (0.7) 5.5 (0.6) 5.7 (0.6)
lmf (Hz) x 13.5 (1.0) 14.4 (0.8) 14.2 (0.8) 13.5 (0.9)
y 15.1 (1.3) 13.7 (1.3) 12.8 (1.1) 14.7 (1.0)
z 14.0 (1.1) 14.3 (1.1) 13.4 (1.0) 13.8 (1.0)
lhf (Hz) x 31.5 (3.1) 29.5 (2.1) 14.2 (0.8) 29.5 (2.2)
y 34.3 (2.8) 35.5 (2.8) 12.8 (1.1) 31.1 (3.7)
z 32.2 (2.9) 31.9 (3.6) 13.4 (1.0) 28.5 (2.4)
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Fig. A1. Averaged ground reaction forces and kinematics of the right lower-limb during the stance phase. The ground reaction forces are adimensionalized by the
participant’s mass. Positive values refer to the ankle flexion and eversion; the knee extension, adduction and intern rotation; the hip flexion, adduction, and extern rotation.
The zero value of each angle is referring to the standard anatomical position. The averages are computed over ten participants performing seven repetitions of the task.
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force exceeds 20 N. A high-resolution motion-capture system
(Qualisys Oqus, Gothenburg Sweden) was used to capture whole-
body kinematics at 200 Hz (Fig. 1(a)). All the kinematics database
was segmented from the beginning to the end of the stance phase.
The ground reaction forces and kinematics of the right lower-limb
during the stance phase were consistent across the participants
and matched the profiles from the literature (Novacheck, 1998);
see Fig. A1 for more information.
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